The neuropeptide galanin R1 receptor (GalR1) was tagged at its C terminus with EGFP (GalR1-EGFP) to study receptor localization and trafficking. In PC12 and HEK293 cells, functional GalR1-EGFP was expressed on the plasma membrane and internalized into cytoplasmic vesicles after galanin stimulation. The internalization was blocked by 0.4 M sucrose and by silencing of clathrin with siRNA methodology. Internalized GalR1-EGFP and LysoTracker, a lysosomal marker, overlapped in intracellular vesicles after prolonged galanin stimulation. This colocalization was strongly reduced after site-directed mutagenesis of the motif YXXØ on the C terminus of GalR1 (where Ø is a bulky hydrophobic residue and X any amino acid). Taken together, these data suggest that GalR1 is internalized via the clathrin-dependent, endocytic pathway and then, to a large extent, delivered to lysosomes for degradation through the lysosome-targeting signal YXXØ.
G
alanin, a 29-aa neuropeptide (1) , is involved in numerous physiological and pathological neuronal functions, for example, learning and memory (2-4), mood (5-9) and pain (10, 11) control, feeding behavior (12, 13) , and neuronal survival and regeneration (14) . The galanin R1 receptor (GalR1) is one of three receptor subtypes that have been cloned to date and belong to the seven-transmembrane, G protein-coupled receptor (GPCR) superfamily (15) . GalR1 is widely distributed in the central nervous system, including the noradrenergic locus coeruleus neurons (16) . Here, GalR1 mediates galanin-induced hyperpolarization associated with a marked desensitization (17) (18) (19) (20) (21) .
Intracellular trafficking of GPCRs has been extensively studied (22, 23) , but galanin receptors to only a limited extent. Thus, internalization of GalR1 receptor was first seen in Chinese hamster ovary (CHO) cells by using fluorescein-N-galanin and flow cytometry (24) and subsequently reported in CHO (25) and PC12 (26) cells with GalR1-fluorescent protein constructs. However, to date, very little information has been available on postendocytotic trafficking of GalR1. In the present study, we analyzed mechanism(s) mediating internalization and intracellular trafficking of GalR1, focusing on the molecular factors required for translocation of the agonist-occupied GalR1 from the membrane to cytosolic compartments.
Results

Expression and Internalization of GalR1-EGFP in Transfected Cells.
A chimeric protein was created by fusing EGFP to the C-terminal of the GalR1 (GalR1-EGFP). After stable transfection into a PC12 cell line and analysis with a confocal laser scanning microscope, GalR1-EGFP was predominantly associated with the plasma membrane, but some intracellular vesicles in the perinuclear region also contained the fusion protein (Fig. 1A) . In contrast, an N-terminal EGFP-GalR1 chimera was not inserted into the plasma membrane (data not shown). After incubation with galanin (100 nM) at 37°C for 10-15 min, GalR1-EGFP was dramatically reduced at the plasma membrane and internalized into numerous vesicles in the cytoplasm (Fig. 1B) , distinctly seen at a concentration of 10 Ϫ8 M (Fig. 2) , demonstrating a dosedependent, ligand-induced endocytosis of the chimeric protein. Similar results were obtained for GalR1-EGFP in HEK293 cells (data not shown). For comparison, PC12 cells stably transfected with a GalR2-EGFP construct (27) were studied, also showing membrane localization (Fig. 1E ) and galanin-induced internalization of the receptor (Fig. 1F) .
Application of AR-M961, a nonselective galanin agonist (20, 28) , induced internalization of both GalR1-EGFP (Fig. 1C) and GalR2-EGFP (Fig. 1G) . However, AR-M1896, a GalR2 (and -R3) agonist (28, 29) , caused internalization of GalR2-EGFP (Fig. 1H) but not of GalR1-EGFP (Fig. 1D) . Similar results were obtained in HEK293 cells (data not shown). Preincubation with the putative galanin antagonists M35 (100 nM) or M40 (100 nM) (30) did not prevent galanin-induced internalization of GalR1-EGFP (data not shown). In fact, both M35 and M40 induced internalization of GalR1-EGFP by themselves (data not shown).
Functional Activity of GalR1-EGFP Expressed in PC12 Cells. It has been reported that GalR1 mediates galanin-induced inhibition of forskolin-stimulated adenylate cyclase activity and thus of cAMP formation (31) (32) (33) . To ensure that the EGFP-tagged GalR1 could transduce a physiological signal, we measured the effect of galanin on forskolin-stimulated accumulation of cAMP in stably transfected and untransfected PC12 cells. Galanin at 100 nM reduced the forskolin-stimulated cAMP accumulation to 68 Ϯ 5% (mean Ϯ SE; n ϭ 5) as compared with controls without galanin (P Ͻ 0.05). Galanin did not alter forskolin-stimulated cAMP formation in naïve PC-12 cells without GalR1-EFGP (101 Ϯ 8%; n ϭ 4).
GalR1-EGFP Internalization via the Clathrin-Dependent Endocytic
Pathway. When transfected cells were treated with Texas redconjugated transferrin (20 g/ml), this clathrin pathway marker was located in cytoplasmic vesicles (Fig. 3Ac) , clearly separated from the membrane-bound GalR1-EGFP ( Fig. 3 Aa and Ab). After addition of galanin at 100 nM, internalized GalR1-EGFP was colocalized with transferrin (compare Fig. 3 Ad-Af with 3 Aa-Ac). The internalization was blocked by prior incubation in 0.4 M sucrose for 5 min (data not shown), a hypertonic treatment known to inhibit clathrin-dependent receptor internalization by blocking clathrin-coated pit formation (34) . To more specifically address the role of clathrin in GalR1 endocytosis, we also knocked down clathrin expression by using siRNAs. Clathrin staining in controls was cytoplasmic ( Fig. 3 Ah and Ai) vs. the membrane-bound GalR1-EGFP (Fig. 3Ag) . Although only Ϸ10-15% of the cells were successfully transfected with clathrin siRNA, these cells showed a much lower level of clathrin staining, and GalR1-EGFP internalization induced by galanin (100 nM) was much impaired in such cells (Fig. 3 Aj-Al). In contrast, the GalR1-EGFP was completely internalized in adjacent, untransfected cells with strong clathrin staining (Fig. 3 Aj-Al). These data further support the notion that GalR1-EGFP trafficking utilizes the clathrin-dependent endocytic pathway.
Lysosomal Sorting of the Endocytosed GalR1-EGFP. After incubation with galanin for 10 min, the intensity of intracellular GalR1-EGFP was increased by 42 Ϯ 11% (mean Ϯ SE; n ϭ 39; P Ͻ 0.05) (Fig. 4A ) as compared with basal conditions but returned to prestimulation level (-3 Ϯ 5%; n ϭ 23) after prolonged stimulation (45 min) (Fig. 4A ). The intensity of fluorescence at the plasma membrane was also reduced, by 90 Ϯ 1% (n ϭ 22) (Fig.  4B ), after galanin stimulation for 45 min. These results indicate an actual reduction of GalR1-EGFP, perhaps attributable to degradation. To address this question, cells were incubated with LysoTracker, a lysosomal marker, for 45 min at 37°C, with and without galanin treatment. Under baseline conditions, LysoTracker was located in large vesicles in the cytoplasm ( Fig. 3 Bb and Bc), whereas GalR1-EGFP was predominantly located at the cell surface ( Fig. 3 Ba and Bb). After coincubation with galanin for 45 min, most of the GalR1-EGFP was internalized ( Fig. 3 Bd and Be), and many of the GalR1-EGFP-positive structures colocalized with LysoTracker (54 Ϯ 5%; n ϭ 15) (Figs. 3 Be and Bf and 5). Taken together, these data suggest that a significant proportion of internalized GalR1 is transported into lysosomes for degradation. To identify a specific signal in GalR1 responsible for the targeting to the late endosomal/lysosomal compartment, we performed an interspecies sequence alignment of the N-and C-terminal regions of GalR1. We found that GalR1 contains a completely conserved membrane-proximal YXXØ (where Ø is a bulky hydrophobic residue and X any amino acid) at the C terminus (Fig. 6 ), a motif implicated in endosome/lysosome targeting of diverse proteins (35) . We mutated the acidic residue Y in YXXØ to A, because the Y in the YXXØ motif previously has been shown to be important for the lysosomal sorting (35) . Thus, a GalR1 Y312A -EGFP mutant was created and stably expressed in PC12 cells. These cells were incubated with LysoTracker for 45 min at 37°C with and without galanin treatment. In the absence of galanin, GalR1 Y312A -EGFP mutant was located on the plasma membrane (Fig. 3Bg) , whereas LysoTracker was distributed in the cytoplasm (Fig. 3Bi) , the two markers, thus, being clearly separated (Fig. 3Bh) . Galanin at 100 nM induced internalization of the GalR1 Y312A -EGFP mutant. Similar to WT GalR1-EGFP, the intensity of intracellular GalR1 Y312A -EGFP was increased by 44 Ϯ 10% (mean Ϯ SE; n ϭ 24; P Ͻ 0.05) (Fig. 4A ) compared with prestimulation level. However, it remained at a similar level (34 Ϯ 7%; n ϭ 23) after prolonged stimulation (45 min) (Fig.  4A) , whereas the intensity of fluorescence at the plasma membrane was reduced by 89 Ϯ 1% (n ϭ 22) (Fig. 4B) . Moreover, there was only minimal overlap between GalR1 Y312A -EGFP (Fig. 3Bj) and LysoTracker ( Fig. 3Bl ) (22 Ϯ 3%; n ϭ 11) (Fig.  5) , although both of them were located in the cytoplasm (Fig.  3Bk) . These findings suggest that GalR1 Y312A -EGFP is not preferentially delivered to lysosomes, in contrast to the WT GalR1-EGFP, and that lysosomal sorting of the endocytosed GalR1-EGFP may be mediated through tyrosine motif YXXØ at the C terminus of the receptor.
Discussion
The present results show that a GalR1-EGFP receptor fusion protein, expressed at the plasma membrane of both PC12 and HEK-293 cells, is functional and endocytosed after galanin stimulation. Thus, these cells are suitable tools for analyzing the subcellular distribution and trafficking of the receptor. This is in agreement with a recent study by Wirz et al. (25) on CHO cells transfected with a GalR1-CFP or -YFP construct. By using time-lapse confocal imaging and fluorescence resonance energy transfer, Wirz et al. have observed a dose-dependent, GalR1-selective, forskolin-sensitive internalization, as well as a substantial homodimerization of GalR1 on the cell surface (25) . Several galanin receptor ligands were studied with the GalR1-EGFP chimera. ARM-961, a nonselective galanin receptor agonist (28), induced internalization of both GalR1-EGFP and GalR2-GFP, whereas the GalR2 (R3) agonist AR-M1896 (28, 29) failed to do this. Neither M35 nor M40, two chimeric peptides and putative galanin antagonists (30) , prevented galanin-induced internalization. In fact, both M35 and M40 elicited internalization of GalR1-EGFP, in agreement with studies on PC12 cells transfected with GalR2 (27) . However, it has also been reported that administration of M40 does not induce GalR1 internalization in CHO cells (25) .
Studies with Texas Red-conjugated transferrin indicated that EGFP-GalR1 internalization involves the clathrin endocytic pathway (36) . This was further supported by the fact that prior incubation in 0.4 M sucrose, a hypertonic medium known to cause abnormal clathrin polymerization (34) , blocked this internalization. Moreover, we directly addressed this issue by using siRNA to down-regulate clathrin expression. Only some PC12 cells showed strong inhibition of clathrin synthesis, but, in these cases, GalR1 internalization was blocked. Thus, these data suggest that GalR1 receptors undergo ligand-induced, clathrindependent internalization.
It is well known that the internalized receptors can be dephosphorylated and recycle back to the cell surface and reinsert into the membrane (37), as also shown for GalR2 (27) . Alternatively the internalized receptors are directed to lysosomes and into the degradation pathway, particularly in the case of prolonged receptor stimulation (37) . The intensity of intracellular GalR1-EGFP was increased by 42% at 10 min after galanin stimulation, but at 45 min there was a decrease compared with the prestimulation level, accompanied by a continued loss of membrane-associated receptor, suggesting degradation. The colocalization of GalR1-EGFP and the lysosomal marker Lyso- Tracker after prolonged galanin stimulation indicates that a significant quantity of internalized GalR1 is transported to lysosomes for degradation. This is in agreement with the view that the long-term desensitization seen after galanin-induced hyperpolarization in noradrenergic locus coeruleus neurons is mediated by GalR1 (21) .
Increasing evidence suggests that targeting signals of an internalized GPCR receptor either to recycling or lysosomal degradation pathways may reside in its cytoplasmic tail (35, 38) . Most signals consist of short, linear peptide sequences including tyrosine-based sorting signals (such as NPXY and XYYØ motifs), di-leucine-based signals such as ([DE]XXX-L[LI] and DDXXLL motifs) and PDZ ligands. All of these signals are recognized by adaptor-protein complexes and mediate endosomal sorting of GPCRs (35, 38) . It has also been shown that GPCR ubiquitination regulate receptor trafficking (35, 38) . Thus, diverse pathways and multiple complex mechanisms exist for endocytic sorting of GPCRs. YXXØ is present in the cytoplasmic tail of many integral proteins of the mammalian plasma membrane, including GPCRs and has multiple functional roles, including endocytosis, lysosomal targeting and sorting of protein to the basolateral plasma membrane (35, 38) . It has been suggested that YXXØ is involved in rapid internalization and lysosome sorting of GPCRs, depending on its position within the C terminus. Thus, purely endocytic YXXØ signals mostly are present at residues 10 -40 from the transmembrane domain, whereas lysosomaltargeting YXXØ are closer, that is at residues 6 -9 (35). For example, protease-activated receptor-1 has two YXXØ motifs in its C-terminal. Whereas the distal YKKL motif controls constitutive internalization, the proximal YSIL motif regulates lysosomal sorting (38) . On the other hand, kinin B 1 and B 2 receptors have C-terminal YXXØ motifs located at the 15th residue from the transmembrane domain. Both receptors undergo ligand-induced internalization, but whereas the B 2 receptor is recycled, B 1 is degraded (39) .
Our interspecies GalR1 sequence alignment revealed the presence of a completely conserved YXXØ motif at the seventh residue from the transmembrane domain, indicating a lysosomal-targeting signal. In fact, replacement of Y by A resulted in a marked reduction of delivery to lysosomes, suggesting an important role of the C-terminal YXXØ motif in postendocytotic trafficking of GalR1. In contrast, GalR2 does not have the YXXØ motif in its C terminus (Fig. 6 ) and mainly recycles back to the cell membrane after washout of galanin (27) .
Materials and Methods
Construction of the EGFP-Tagged GalR1 Receptor. The ORF of the rat GalR1 gene was reversely transcribed and amplified with a Tian one tube RT-PCR kit (Roche) from rat brain total RNA by using 5Ј-CCCAAGCTTCCACCATGGAACT-GGCTCCGGTGAACCTCAGTGAAGGG-3Ј (forward) and 5Ј-GATCCGCG-GCACGTGGGTGCAGTTGGTGGAG-3Ј (reverse) primers. This PCR product was ligated into pEGFP-Nl vector (Clontech Laboratories) by using HindIII and SacII to give rise to a GalR1-EGFP expression vector. A GalR1Y312A mutant was created by site-directed mutagenesis to substitute tyrosine for alanine at amino acid 312 by using the QuikChange mutagenesis kit (Stratagene) and according to the instructions of the manufacturer. The plasmids of interest were identified by restriction mapping and DNA sequencing.
Stable Transfection of PC12 and HEK293 Cells. Cells were transfected by using 1 g of DNA and employing the Effectene Transfection Reagent kit (Qiagen). To generate stable transfectants, the cells were selected in the presence of the antibiotic Geneticin (G418, Sigma) at 800 g/ml. Clone expression was initially examined by fluorescence microscopy, and clones for further study were selected and expanded. Transfected cells were starved for 4 h before experiments.
Analysis of GalR1-EGFP Internalization and Trafficking. For ligand-induced internalization studies, the cells were treated with galanin (Bachem), ARM961, ARM1896, M35, and M40 (all at 100 nM) for 10 or 45 min at 37°C unless otherwise indicated. Some cells were coincubated with galanin (100 nM) and Texas Red transferrin (20 g/ml, Sigma) or LysoTracker (1 ϫ 10 Ϫ6 M, Sigma) for 10 or 45 min at 37°C. Then the cells were fixed with 4% paraformaldehyde for 20 min at 4°C. Images were acquired by using a laser scanning confocal system (Radiance Plus, Bio-Rad). For dual-color analysis, images were collected sequentially in single-channel mode. For quantification of EGFP fluorescence, the digital image analysis was performed to measure the subcellular distribution of the GalR1-EGFP by using the NIH Image program (version 1.6). Thus, the mean fluorescence density of EGFP of whole cell body, membrane (Fdm), cytoplasm (Fdc), and nucleus was measured, and the Fdm/Fdc ratio was calculated. Statistical analyses were performed by using Student's t test, and the difference was considered significant at P Ͻ 0.05.
Measurements of cAMP. The cAMP [ 125 I] Direct Biotrak Scintillation Proximity
Assay (SPA) System (dual range) (Amersham Biosciences) was used for determination of cAMP. Briefly, after harvesting and washing with PBS and incubation at 37°C in Hepes buffer, the cells were resuspended in a 96-well culture plate (3 ϫ 10 4 cells/well) in the presence or absence of galanin and incubated with 0.3 mM forskolin at 37°C for 15 min, followed by the addition of 10% dodecyltrimethylammonium bromide to stop the reaction. The cells were lysed, and total cAMP was assayed according to a nonacetylation protocol. The samples were counted by using a Trilux 1450 Micro beta counter (Wallac), and the data were analyzed by using Prism software (GraphPad).
siRNA Knockdowns. siRNA knockdown of endogenous clathrin was carried out according to the Santa Cruz siRNA Transfection Protocol (Santa Cruz Biotechnology). Briefly, PC12 cells stably expressed with GalR1-EGFP, grown to 50 -80% confluence in a 24-well plate, were transfected with Clathrin LCB siRNA (sc-37024, Santa Cruz Biotechnology) according to the protocol. After incubating the cells for 5-7 h at 37°C in a CO2 incubator, the transfection mixture was removed and replaced with 1ϫ normal growth medium. The experiment was carried out 72 h after transfection. An anti-clathrin antibody (sc-12735, Santa Cruz Biotechnology) was used at a dilution of 1:400 to assay efficiency of knockdown.
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